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Note on Polymer-Mixed Solvent System
II. Application of the Previous Treatment

Toru KAWAI

(Received January 18, 1952)

Introduction

In order to investigate the state of the
polymer molecules in the solvent, it is neces-

sary to draw one’s conclusion by summarizing-
the information obtained from various methods-
of physico-chemical measurements, i. e., vis-—
cosity, osmotic pressure, light scattering,
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swelling and others. This paper deals with
discussions of the interaction exhibited by
several polymer-mixed solvents systems from
the results of thse measurements. Employing
the partial molal free energy expression ob-
tained in Article I, the phenomenon that the
first portions of the addition of non-solvent
improve the solvent ability of the medium in
some cass and the abnormality which arises
in the cases in which one or both of the
mixed solvents are an associated liquid, will
be interpreted.

Relationship between Intrinsic Viscosity
and Thermodynamic Quantity u

We are going to focus our attention on one
polymer molecule and consider the equilibrium
between an effective volume pervaded by a
polymer chain and its environments. As is
seen in our treatment applied to the explana-
tion of ths Schulz’s osmotic pressure equa-
tion,( the activity a, of the solvent in the
region occupied by a polymer molecule is
given by

Ina,=F,/RT=1n (1 — Vyg) Vg o 0744
+ A0y * —Buas, (1)

where AF; is ‘the partial molal free energy
of solvent and v, the volume fraction of
.polymer, subscript s showing the spherical
region in which a polymer molecule is dis-
tributed. A and B are constants somewhat
dependent on molecular weight, solvent type,
etc.,, and w’ is an inferaction parameter, a
little different from true thermodynamic
quantity w as was discussed® in our previous
paper.

An analogous procedure can bes appliad to
the polymer 3-mixed solvents 1 and 2 system,
80 long as ths single liquid approximation may
be permissible. Thus,

In ay=AFy/RT =1n (1—vss) +vss+ /0%
+A1‘331" 3—.81'33, (1’)

where u’ is supposed to be a little Iaﬁ:ger than
pstpag usad in Article 1 as mentioned above.

(1" = pts" -+ pg). The above procedure is entirely.

equivalent to that of the swelng equilib-
rium. All the terms in the right-hand
side of Eq. (1’) except Awny'/® are assumed to
correspond to the dilution of a polymer
molecule with the solvent. . Thus, these must
be replaced. by the partial molal free energy

(1) T. Eawal, This Bulletin, 24, 69 (1951).
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expression derived in Article 1, although some
modifications are still required dua to the
above restriction for the number of configura-
tions. The relationship between intrinsic
viscosity and thermodynamic quantity u can,
however, be derived as a rough approximation
from Eq. (1'). If th> single liquid approx-
imation may bs allowed, we may write for
the condition of the equilibrium between tha
above two regions at infinite dilution.

In a;=AF3)/RT=In (1—vg)+(1—B)vss
+(pts” + pag)vPes+ Avggt =0, (2)

Thus we can obtain the relation between wvg,
and p; 4 pa,. The volume fraction vz in the
spherical region is related to intrinsic viscosity
[¢] as follows, including @ function represent-
ing tha effective permeation of the flowing
solvent through ths domain of polymer chain
in the Debye and Buche’s treatment,®

[pl=i(pr—1)[eles0=0.0025 P/ vsp,  (3)

where ¢ is the concentration in g. per litre and
p the density of the polymer.

The above treatment is entirely equivalent
to that of Flory who discusssd the configura-
tions of a polymer molecule in a binary
polymer-solvent system.® Although the true
thermodynamic equilibrium between the above
two regions is discussed for the single liquid
approximation here, it is easily seen that the
result obtained is reduced to the Flory’s when
his expression &, the factor by which linear
dimension of the distribution of segments
becomes larger than that of random flight
configurations owing to long range interference
is employed. However, further discussion
concerning the problems of selective adsorption,
volume effect of solvent, etc. may become
possible when the free energy expressions in
Article 1 are used. Comparison of this treat-
ment with some viscosity data will be pre-
sented elsewhere in more detail.

Now the relation Eq. (2) is expressed as
follows;

F(vag) = — (s + p30)v*ser (4)

where
pao=(Vo/RT)[—6/(1+0)* x A1, +1/(1+ )
X A1z +0(1+6) x Aul. (5)

(The notation of these equations is similar to
what was employed in Article 1.)

- () P. Debye and A. M. Buche, J. Chem. Phys., 16, 573
(1948). :
(8) P.J. Flory, J. Chem. Phys., 17, 308 (1949).
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Differentiating Eq. (4) with respect to 8, if
F(vs) and p’s can be assumed to be independ-
ent of 8®;

d{F(vgy) [ 0?35} ] dvge X dvgs [d0 =d 5o [dE.  (6)

This result shows that the maximum in in-
trinsic viscosity and the minimum in ther-
modynamic quantity w appear in the ratio 8.
of volume fraction of liquid 2 to that of
liguid 1, at which the following condition is
satisfied,

dpse/df=—(1—86.) [ (1+8c) X p1s
+ pas— pas=0, (7)
where = (Vo/RT)A1, piz=(Vo/BET)Ass,
pz=(Vo/RT) Az

Here we assume liquid 1 is solvent (u3<1/2),
and liquid 2 non-solvent (u,3>1/2). Then,
the sulution of this equation (7) can afford
physical meaning only when (u,s— p13)/ pia<1.
Namely, when (uas— p43)/p12>>1, the solvent
ability of the medium decreases uniformly
with increasing 6 (dus,/df@>0). When (pu;—
pis)/ pi2<1, the solvent ability of the medium
is improved until #., at which Eq. (7) is
satisfied, snd since then it decreases as @ in-
creases. For the same value of w;., the larger
the (u.s—ps) values, the smaller the f.. In
other words, when liquid 1 has a stronger
solvent power and liquid 2 has a stronger
precipitating power, the solvent power of the
mixture shows a maximum value at smaller
content of non-solvent and vice versa. It
must be noted, however, that the contribution
of w2 to the values of uz should be con-
sidered also. For the same values of (u.3—
fay), the larger the value of pq,, the larger
the @.. Besides, as is seen from Eq. (5), the
solvent ability of the mixture is improved
more effectively by larger values of u.
Various methods of estimation of the interac-
tion parameters, g, piz, and uy for a few
systems are presented in the next section.

Discussion for Several Actual Systems

The parameter ugy, & measure of the energeti-
cal interaction in these ternary systems, con-
_sists of three parts as seen in Eq. (5). In this
connection, these three parameters uys, pug,
-and .3 must be estimated. When polymer 3
is soluble in liquids 1 and 2 (ue+pu3<1/2,

(4) Theconstant 4 in Eq. (2) 18 not always independent
of @ a8 was seen from its expression. This assumption,
. however, may be permissible since its dependency on @
does not have any notable effect on our result.
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st p23<1/2), the quantities p,3-and pgs can
be evaluated from osmotic pressure measure-
ments. And when one of the two liquids is
non-solvent {ps+p3>1/2, or ps+p.>1/2),
we must calculate the values of w3 or gy
from swelling measurements. The parameter
1z can be evaluated from vapor pressure data
for the binary system liquid 1-liquid 2 as
follows: When the entropy of mixing in this
system may be assumed to be ideal,® we
may write .

In 71 =In a;-—ln I =AH_-]_/RT
=(V1/RT) 410, (8) -
InYy=Ina,—Inz,=AH,/RT

=(Vy/RT) A,  (8')
where the a’s are the activity, the ’s the
activity coefficient, and the 2z's the molar
fraction of each component. Therefore, if In?,;,
which can be usually obtained from vapor
pressure data, is plotted against ».°, and
similarly In?. against ©,%, each szt of points
will generally fall on a straight line. The
slope of the line gives the values of (V;/RT)A;.
and (V./RT)A,s respectively. Considering the
approximation used in deriving Eq. (7), we
may adopt the mean value of them as
(Vo/RT)Ay:. Thus, we can estimate pz, pra
and g, separately.

In this connection the systematic experi-
ments involving osmotic pressure, viscosity,
swelling and the other measurements should
be required to investigate the interaction of
polymer and mixed solvents. Since such series
of systematic experimental results have not
been presented for any of the polymer-mixed
solvents systems, it is necessary to estimate
the w's from the experimental data involving
only one or two of the above various measure-
ments.

Now, in spite of the weakness that we can
not determine uniquely the effect of the
golvents in such a three-components system,
the dilution ratio, which is determined by the
addition of a non-solvent to a polymer solution
until phase
separation begins, may also be useful to
estimate roughly the u's employing condition
as follows;

P:"‘I-lso: ,U-a+ [_9f(1+9J’ X F13+1/(1+6)
X ps+0/(1+6) X pasl51/2. (9)

(5) This is true for two non-polar liquids systems, so
long ss molsl volumes of the two.liquids do mnot differ
very largely from each other. (see Hildebrand; «Solubility
of Non-electrolytes”, 3rd Ed. Reinfold Publishing Corp.,
New York, 1950)
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This relationship (9) and Eq. (7) in the
preceding section can be used in estimating
the w's respectively.

Employing the methods mentioned above,
we are going to discuss the interaction of
polymer and two liquids for several actual
cases. Yoshioka measured viscosity of poly-
vinyl acetate in various mixed solvents.®
Considering the abnormality in the systems
involving some associated liquids as com-
ponents, these systems are to be divided into
three; namely, polymer 3-associated liquid
1-non-associated liquid 2, polymer 8-associated
liquids 1 and 2, and polymer 3-non-associated
liquids 1 and 2.

'1. Polymer 3-Associated
Liquids 1 and 2

(a) Polyvinyl Acetate-Acetone-Water
System.—From the osmotic data® for
polyvinyl acetate-pure acetone system at dif-
ferent temperatures, there is obtained for the
interaction parameters p,=0.47, wpy=-—0.04.
According to Eq.(27)in Article 1, p,=1/2—1 /2y,
and thus, the abnormally large value of u; was
acceptable, although quantitative discussion is
impossible owing to the rough approximate
treatment in Article 1. Actually, this value
of ‘u, is extraordinarily larger than that
estimated theoretically for a fairly flexible
chain® and expected also from many experi-
mental facts. Employing the Yoshioka’s data,
we obtain

from Eq. (7) 0.9 p33—0.04— 3 =0
(the condition for [nlmsx., 6/(1+46)=0.0509),
(10)
and
from Eq. (9) —0.197 prya—0.029+0.27 pr5=0.08
(the condition for the precipitating point,
0/(146)=027® ux,=0470D)  (11)

From Eqgs. (10) and (11), w,,=1.53, p.,3=1.83.
Adopting these values for py, gz and ey, the
s+ psq values are calculated against 8/(1+46)
in Fig. 1, compared with those obtained from
the Endo’s osmotic data,® and with intrinsic

(6) Yoshioka, J. Chem. Soc. Japan, T2, 8 (1951).

(T) G. Browning, J. D. Ferry, J. Chem. Plys., 17, 1107
© (1949). .o .

(8) K. Endo, J. Chem. Soc. Japan, T1, 232 (1950).

(9) B. H. Zimm, A. C.8. Mceting, Sept. (1947) (P.Doty,
M. Brownstein snd W. Schlener, J. Phys. Coll. Chem., 53,
248 (1949).) _ )

(10) E. Yoshioks, This Bulletin, 23, 60 (1950).

(11) Comparing Eq. (36) with Eq. (27) in Article I, it
is seen that the adoption of this value for y, is not un-
founded.
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- 0/{1+0)
Fig. 1.—Polyvinyl acetate-acetone-water
system,

viscosity® for various contents of water. On
the other hand, the g, value calculated from
the vapor pressure data in the International
Critical Table gives extremely large value
(12=7.38) when Eq. (8) and (8’) are used,
but our treatment for two associated liguids
gystem bring out an appropriate value for u,.
From Eq. (26) in Article 1,
In ay=In v, 4 (1—y/2)v,+ poavs® (12)

If we plot (In a1—In v;) /v, against v,, the points
fall on a line as given in Fig. 2. The slope

(In a;—In v) /ve

l 1 1 1

0 0.2 04 0.6 0.8

va
Fig. 2—An example of calculation of uyq
" (acetone-water system pya=1.447),

of the line gives p.=1.45. The estimation of
y/z by exteraporation to v3=0 affords =a
reagonable value (y/z=1.502).

(12) Although both z and y may be considerably large,
the values of y/x are anticipated in the range from 0.3
to 1.0. '
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(b) Polyvinyl Acetate-Methanol-Water
System.—Endo measured osmotic pressure of
polyvinyl acetate in methanol-water mixture
of several compositions.(®) The us+ usz, values
for various contents of water are calculated
from his data as is shown in Fig. 8. Bince
the results of the measurements at different

o ° o o7
o5
<
pno04r ooz [7]
¥ t
QJ Caleulated curve
L L |
1] 0z 03
- 0/(1+0)
Fig. 3.—Polyvinyl acetate-methanol-water

gystem,

temperatures are not yet published, u, and pus,
cannot be evaluated separately. It may be
said, however, from the information of tem-
perature dependence of intrinsic viscosity(®
that ua, is positive even at 6. for [)]max. in
this system. Moreover, the g, value is sup-
posed to be not far from 0.45~047 and this
is acceptable from our procedure as in the case
(a). Substituting these values of pe+ g, for @
in Eq. (9), we can obtain five equations, from
which the most appropriate values for the u's
are determined as follows, p,+ p13=0.486, u,+
pa3=0.714, p,,=0.30. Then, the composition
at which intrinsic viscosity shows a maximum
is calculated from Eq. (7) as §=13.6, 8/(1+86)
=0.12, showing a satisfactory agreement with
experimental results (#/(146)=0.15 by Matsu-
moto,9 #/(146)=0.20 by Endo®®). Although
the change of u;+ 3 with 8/(1+8) is com-
paratively small in this case, the Endo’s
mensurements(® show that intrinsic viscosity
changes with 8/(1+6) considerably as is shown
in Fig. 8. Furthermore, Endo pointed out
that in this system the second virial coefficient
4. in the osmotic pressure equation depends
on molecular weight of the polymer to a
remarkable degree. These abnormalities cannot
yet be explained, but some suggestions may
be given for the solution of these problems by
our procedure for polymer-two associated
liquids system in Article 1.

(13) K. Endo, J. Chem. Soc. Japan, T2, 888 (1951).
(14) 8. Matsumoto, Chem. of High Polymer, Japan, 6,
179 (1049).
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(2) Polymer 3-Associated liquid 1-Non-
associated Liquid 2 System

The above calculation involves implicitly an
assumption that the u, value in polymer-mixed
solvents system equals that of the polymer-one
of the mixed solvents system. As can be
understood from Eqs. (27) and (86) in Article
1, this assumption may be acceptable for
polymer-two associated liquids system, but Eq.
(82) in Article 1 shows that it may not be
applicable to the present system. It may be
said, however, that this assumption may not
cause a remarkable error when the associated
liquid is'solvent (not non-solvent) as easily
seen from Eqs. (81) and (27) in Article 1.
Actually, the following treatment considering
the heat term only can be an explanation of
the polymer-mixed solvents interaction in this
system, showing a good agreement with ex-
perimental data.

(a) Polyvinyl Acetate-Acetone-Ether
System.—The binary system of acetone-ether
does not show such specific interaction as
acetone-water and methanol-water systems and
Eq. (8) or (8’) holds its validity. Thus, the
1z value may be calculated from vapor pres-
sure data in International Critical Table (uy.=
0.54). Employing this value for u;; and —0.04
for g3, we can obtain w;=0.34 from Eq. (7)
for the condition of [u]max. (fc/(146.)=0.15.)©®
The ps+pgy values calculated from these
values iy, g3 and p,3; show a good corre-
spondence to intrinsic viscosity for varying
compositions of the mixed solvents as is shown
in Fig. 4, i. e, the solvent ability of the

Calculated curve

1 1 1 1

0 ] (1] 03 (n 0s
- 6/(+06)
Fig. 4.—Polyvinyl acetate-acetone-ether
gystem.

medium decreases slowly as the content of
ether increases without a conspicuous maxi-
mum. Obviously, this is due to the small
value of pys. It is not appropriate to say that
ether is non-solvent for polyvinyl acetate.
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(b) Polyvinyl Chloride- Acetone-Carbon
Disulfide System.—As a special case where
polymer is soluble only in a certain range of
composition of liquids 1 and 2, osmotic pres-
sure, viscosity and swelling are measured in
this system by Ishikawa and Kawai.(® In
Fig. 5 the values of u and [g] obtained from

© u From swelling measurement
& pu From osmotic pressure
o [¥)

a7

1 1 1 1

a2 04 a6 08 10

_contents of acetone (volume fraction)
Fig. 5.—Polyvinyl chloride-acetone-carbon
disulfide system.

the above three measurements are compared
with ps+ us, calculated from our procedure
by adopting p=0.8, pe+ p13=0.584, us+ o3
=0.650. The values of pus+ 13 and pes+ pos
are evaluated from the swelling measurement.
Although the ., value calculated from vapor
pressure data(® is 1.04, we adopt p,=0.8,
because this value shows rather better agree-
ment with the experimental facts. Namely,
employing this value, there is obtained 8/(1+6)
=0.05 or 0.78 for the precipitating point and
0/(1+6)=0.52 for [p]msx.

Finally, this system is not a special one but
is assumed to be one of the systems in which
the solvent power of the medium is improved
by the addition of diluent until a certain com-
position is reached, whereas in this case, the
polymer is not soluble in the individual con-
stituents of this mixture.(D

(¢) Polyvinyl Acetate-Acetone-Petro-
leum Benzin System.—Combining Eq. (7)
for the condition of [ulmex. (8/(1+8)=0.18®))
and Eq. (9) for that of the precipitating point

(15) K. Ishikawa and T. Kawai, J. Chem. Soc. Japan
Ind. Chem. Secffon, 55, 173 (1952).

8) J. V. Zawidzki, Z. physik. Chem., 35, 129 (1900).

(17) This phenowmenon, known as «cosolvency”, i3 seen
also in a few other systoms, for instance, polystylene-
acetone-methyloyclohexane system. (8. P. G. Colombo and
H. Mark, J. Polymer Sci., 6, 206 (1961).)
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(0/(14+6)=0.45®), there is obtained pu;,=
0.819, p.3=0.566, (u3=—0.04). Considering
the approximate treatment used here, it may
be questionable to determine the u’s from these
two conditions only. Further discussion may,
however, be impossible also from the fact that
petroleum benzin is a mixture of heptane,
hexane and others. In practice, a fairly good
correspondence is obtained between thus cal-
culated us+ps and intrinsic viscosity for
varying contents of petroleum benzin, as is
shown in Fig. 6.

I oo
o

0.21

° 017
o -
°
o 013
“ o ()
04r Caleulated curve o 0.09 .
1A 1
0.5"
L 1 1 1
0 01 0.2 0.3 04 0.5
- 8/(14+0

Fig. 6.—Polyvinyl acetate-acetone-petroleum
benzin system,

(3) Polymer-3-Non-Associated
Liquids 1 and 2

(a) Polyvinyl Acetate-Benzene-Petro-
leum Benzin System.—From the Nakajima’s
osmotic data,®) s+ wsn=0.819 and ps+p;=
0.432 at 0/(1+6)=0.80. From these data,
calculation follows that p,,=0438, p3=—
0.151, p,3=0.566, where .y is that obtained
in the case 2/c). Substitution of these values

013
-as
~ Hon
3 [7]
o7
' t
o5
o 0z %
- 8/(1+0)
Fig. 7.—Polyvinyl acetone-benzene-petroleum
benzin system.

(18) A. Naksjims, Chem. of high Polymer, Japan, 6, 451
(1949).
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for pys, pis, and pe; in Eq. (7) gives a negative
value for 8., which is meaningless in a physical
sense. This agrees with the experimental fact
that [u] decreases uniformly with addition of
non-solvent in this system. In Fig. 7, the
calculated w,+ ug values are plotted against
6/(1+6), being compared with the intrinsic
viscosity data.® Furthermore, the Vold’s
data(® of vapor pressure in benzene-heptane
system give §;—8.=2.493, where §, and 8. are
the Hildebrand’s solubility parameter®® of the
individual liquids. Assuming V=100, gy can
be estimated as 0.428 from this value of (§;—
8.), affording a good coincidence with the
above estimation.

Conclusion

Considering the two assumptions which were
introduced by Scott in his treatment of phase
equilibrium in a ternary system of polymer
and two liquids, more general free energy
expression to correlate much of the experi-
mental data has been derived in Article 1.
When some of the three components are polar,
it may be anticipated that the deviation from

(19) R.D. Vold, J. Am. Chem. Soc. 59, 1515 (1937T).

(20) The Hildebrand’s parameter §i represents the
square root of internal pressure (or «cohesive energy
density”) (4Ev;/17y)14%, where 4E?; is the energy of va-
porization and ¥; the molal volume of liguid 1. When
the assumption of the wgeometric mean’ is permissible
as in this system where the both two liquids are non-polar,

A”;J;-Vu(al—ﬂg)'vlvg. i€, Bra=Vo(51—-32)%,
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the Scott’s treatment due to invalidity of ‘the
assumption (a) is especially important. -Thus,
our modification of his treatment was checked
here with some experimental results principally
with regard to the assumption (a). Further-
more, the assumption (b) is far from true
especially when one or both of the mixed
solvents are associated liquid, but even in such
cases, all complicated factors are covered by an
approximate method in the present treatment,
although this approximate treatment must be
discussed in more detail. Actually, the present
treatment is applicable to many ternary systems
with a fair degree of accuracy. The characte-
ristics of each system are well expressed by
the interaction parameters o, s, and .
Thus, the phenomenon that the medium in-
volving non-solvent to some extent behaves as
a better solvent than the pure solvent and the
abnormal bebavior in the systems containing
associated liquids as one or two components
can be understood from our procedure in
Article 1.
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